In this paper, we explore the evolutionary improvements that can be made in the architecture and performance of large scale condensers for steam power plants. [1] [2] [3] [4] [5] [6] The focus is on fundamentals. The approach is based on constructal design, [7] [8] [9] which is the view that improvements in global performance are achievable through changes in the architecture of the flow system, to facilitate flow. For this purpose, the flow architecture must be free to morph, such that better and better flow architectures can be pursued relentlessly.
What designers view as "optimal" is the light at the end of the tunnel, the direction in which the architectural changes are pointing, over time. 10 The direction is natural, and is exhibited by all evolutionary designs, the flow architectures of nature, and the evolution of technology.
The evolution of the snowflake illustrates the natural character of design evolution. 7, 11 The snowflake is an architecture that morphs as the surrounding subcooled water vapor becomes solid at a nucleation site. This evolutionary design phenomenon is known as dendritic solidification, or rapid solidification. In the simplest case ( Fig. 1) , the system contains a single pure substance (water). The vapor flows from all directions and sinks into the solid surfaces that grow around the initial nucleation site.
The changes in the geometry of the growing solid are continuous, not discontinuous. These changes occur with purpose, which is to facilitate the flow of heat from the solid surface to the surroundings. Initially, the solid is a tiny spherical bead. Later, the solid grows as needles that acquire new needles (branches) as they grow. The purpose of these changes in geometry during growth is to increase-to accelerate-the rate of solidification. The growing sphere offers the greater solidification rate when the solid is small. The solid with growing tree with branches offers the greater solidification rate when the solid is large.
Steam condensers are emerging from evolutionary design that is analogous to and less evident than the evolution of the snowflake design. To shed light on condenser design evolution is the purpose of this article. Consider the condensation phenomenon sketched in Fig. 2 . The pure substance (water) flows from all directions and sinks into the free surfaces of the liquid (the condensate) formed on solid surfaces that are maintained cold. The simplest and least expensive design is a single horizontal pipe with cooling water flowing through it. Unlike in the snowflake, the liquid does not grow continuously on the cold surface of the pipe. The liquid is removed steadily by the force of gravity, or by suction. Figure 2 reminds us that the designs of condensers have been evolving toward better architectures of cooled surfaces, such as multiple pipes arranged uniformly or nonuniformly. The evolutionary path outlined in this paper is the result of continuing this free evolutionary process, to the right of Fig. 2 , over time. The evolutionary steps selected for this presentation are intentionally simple.
II. OBJECTIVE
In the design of the condenser, the objective is to produce the highest flow rate of condensate in a finite volume. It is to construct a flow architecture with high density of condensation or cooling. The way to achieve this is by discovering the flow architecture in three dimensions. Every design a)
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V C 2015 AIP Publishing LLC 117, 125101-1 feature varies, except the fact that the cold surfaces are bathed on the cold side by cooling water, and on the warm side by saturated steam at T sat .
The numerical examples are based on dimensions and operating conditions that characterize current designs: T sat ¼ 38. 4 C and a surface temperature of T w ¼ 30 C. The properties of saturated liquid water at 38. 4 C are approximately:
12 q ffi 1000 kg/m In general, according to the first law of thermodynamics, the mass flow rate of condensate generated by a cold surface is
where q 0 [W/m] and C ½kg=ðs mÞ are the cooling rate and mass flow rate expressed per unit length in the horizontal direction. The denominator h 0 fg is the augmented latent heat of condensation, h 0 fg ¼ h fg þ 0:68c P ðT sat À T w Þ; which for the property values listed above is only 1% greater than h fg . In the following analysis, we use h 0 fg ffi h fg . Equation (1) is also expressed as
where Nu is the overall Nusselt number,
If the film of condensate travels the length z, then Eqs.
(1)-(3) are rewritten as
Furthermore, if we eliminate Nu z between Eqs. (5) and (6) we obtain the proportionality between mass flow rate and heat transfer coefficient,
III. HORIZONTAL CYLINDERS, GRAVITY DRIVEN FILM
The benchmark and starting point is the classical result for laminar film condensation on a horizontal cylinder with laminar film of condensate. For a horizontal tube with external diameter D, Nu is given by 12 Nu D ¼ 0:729
The effect of organization (design) on condensation density is already evident in the performance of cylinders arranged in a vertical column, Fig. 3 . The cooling rate for the entire column is
where the column-averaged heat transfer coefficient and the total condensation rate are
The first of Eq. (10) number of cylinders (n) increases. Note that in the limit of increasing n and decreasing D, the column resembles a vertical slab of height H and thickness D, for which
The cooling rate into one side of the H-tall slab is q
The slab has two sides, therefore, the total condensation rate is C H ¼ 2q 0 H =h fg : If we neglect the spacings between tubes and approximate H $ nD, then we compare C nD with C H and we find that the two estimates are almost the same, C H ffi 0:82 C nD .
If the volume has the square vertical cross section A with n vertical columns in which each cylinder occupies an elemental square with the side rD, where r ! 1, Fig. 4 , then the rate of condensate produced over the cross section A is
The volumetric rate of condensation is
, we conclude that the volumetric rate of condensation is proportional to n À1=4 D À5=4 , which means that smaller tube diameters are better, and fewer tubes (n) are marginally better.
IV. FLAT TUBE CROSS SECTIONS
According to constructal design, 7-9 the flow configuration is free to change in the pursuit of greater access for what flows (cf. Sec. I). Consider changing the shape of the tube cross section from round (diameter D) to flat and vertical (height H ¼ pD/2). The amount of tube wall material is the same in both designs (Fig. 5) . Equation (8) shows that the total cooling rate (proportional to the condensation rate) on the round cylinder is
where the factor a ¼ [h fg gq/k(T sat -T w )] 1/4 is a constant with the units m
, cf. Eq. (8) . From Eq. (11), we derive the total cooling rate for a two-sided wall of height H,
where we used H ¼ pD/2. Dividing Eq. (14) by Eq. (13), we find that
In conclusion, flattening the tube and orienting its cross section vertically has the effect of increasing the condensation rate by 16%. The reason for the superiority of the flattened tube is the elimination of the relatively horizontal portions of the circular cross section. The heat transfer coefficient for condensation on a horizontal plate with the length scale D and facing upward is 12 (p. 441)
This can be compared with the heat transfer coefficient on the side (vertical) surfaces of length D, cf. Eq. (8),
The ratio h up /h side $ (a D 3/4 ) À1/5 is considerably smaller than 1, because the group (aD 3/4 ) ) 1 is of order Nu D , and in all thin-film flows Nu D is much greater than 1 because it is the same as the slenderness ratio of the film.
V. DISTRIBUTION OF MULTIPLE TUBE SIZES
The traditional design consists of tubes of one size, which are distributed uniformly (with uniform spacing S) over the condenser cross section A, or along the column of height H. In this section, we explore the idea of using tubes of several sizes (D 1 , D 2 ,…) and asking whether the bigger should be at the top of the column (
We start with the observation that condensation on a tube of diameter D is equivalent in a scale-analysis sense to condensation on a vertical two-sided slab of height D. This is why if we replace H with D in Eq. (11) we obtain a formula that is almost the same as Eq. (8). This observation leads us to Fig. 6 , which allows us to view a vertical column of tubes (a) as a cold slab (b). The film of condensate forms on (b) in the same manner as on (a). It grows on the cooled spots of the slab (1, 2,…) but not on the spots that correspond to the tube spacings (S).
The condensation of steam on the falling film of height S is assumed to be negligible in comparison with the condensation rate due to a cold spot. Note the assumed constant thickness of the film that coats the slab (b) over the spots S (in reality, in the space between two tubes, the film falls freely, and becomes narrower because of downward acceleration; this effect is neglected at this state).
Next, the flow rate of condensate on slab (b) is equivalent to the flow generated by the shorter slab (c) from which the adiabatic spots (S) have been eliminated. The height of slab (c) is
and its condensation rate can be estimated with Eq. (11), in which H has the value indicated in Eq. (18). The vertical dimension that drives the condensation process is the aggregate height of the multi-scale cylinders. This is also confirmed by replacing nD with H in Eqs. (9) and (10), and discovering a formula that is almost the same as Eq. (11) . The aggregate height of Eq. (18) does not depend on the order in which the tubes are arranged in the column, bigger at the top vs bigger at the bottom. In conclusion, the distribution of tube sizes in the vertical direction does not affect the condensation performance of the column. What matters is the aggregate height of the cold surfaces present in the column. A larger aggregate height is better.
VI. SMALLER TUBES
Are smaller tubes better, and if so, how much better? Consider the vertical cross section (A) of the condenser, and assume that all the tubes have the same size (D), and are spaced equidistantly, as in Fig. 4 . For clarity, assume that the tubes are arranged in a square pattern such that one tube occupies a square with the side rD, where r տ 1. Assume that the array cross section A is square, A ¼ H Â H. There are n columns, n ¼ H/(rD), and in every column there are n tubes. The cross section A contains n 2 tubes. The aggregate height of the cold surfaces of one column is H ¼ nrD. The total cooling rate (proportional to condensation rate) from the two sides of one column is
where a is defined under Eq. (13) . There are n columns, therefore, total condensation rate on A is
The objective is to increase the condensation rate density,
which varies as A À1=8 r À7=4 D À1 . In conclusion, smaller tubes (D) are better if the liquid flow is laminar. On the other hand, smaller tubes required more pumping power for driving the cooling water through them. Smaller spacings (r) are also better, and a smaller cross sectional area (A) is marginally better. When the condenser volume is fixed, B ¼ AL, a smaller A requires a larger L, and this leads to a tradeoff between A and L.
VII. VERTICAL SURFACES
The conclusion from Fig. 5 is that vertical surfaces generate condensate faster than more complicated surfaces that contain horizontal patches. The most common configuration used in condensers is the round tube oriented horizontally. The horizontal portions are the polar zones (the nearly horizontal portions) of the circular cross section. There are two ways to eliminate the horizontal portions.
First, orient the round tube vertically. Assuming that in spite of the tube length (L), the film of condensate is still laminar, the total condensation rate is proportional to the total heat transfer rate,
where LD is the scale of the tube surface, DT ¼ T sat -T w , and h v is the heat transfer coefficient in the vertical-tube orientation, From this follows q v $ L D DT k aL À1=4 . The common orientation of the tube is horizontal, and in this case the total heat transfer rate scale is q h $ L D DT aD À1=4 , because D is the vertical dimension. The ratio
indicates that q v ( q h because L is much greater than D. This is why in designs with laminar film flow the tube is horizontal.
The comparison between q v and q h is quite different when L is large enough so that when oriented vertically the film is turbulent. The variation of h v with the vertical tube length 13 is indicated in chart form in Ref. 12 (Fig. 10.5 
In the large-L limit, the fully turbulent asymptote of this correlation is
By combining Eqs. (5) and (6), we note the relation between heat transfer coefficient and mass flow rate of condensate, Eq. (7). In the case of the vertical tube, this relation is 
where L is expressed in meters. This can be compared with the mass flow rate generated on the same tube in the horizontal position with laminar film flow,
where D is expressed in centimeters. The ratio of mass flow rates
indicates that in the vertical orientation the tube would produce more condensate when L exceeds 2.34 m. At this critical length, Eq. (29) shows that the film Reynolds number is Re L ¼ 17.43, which is consistent with upper limit of the Re L range for laminar flow in Fig. 7 . Second, one can keep the round tubes and position them horizontally, and, in addition, make vertical surfaces greater than the vertical (equatorial) sides that the circular cross section provides. This is accomplished by fusing the tube to a vertical plate fin that is collinear with the north-south direction of the tube cross section. This idea is related to flattening the tube (Fig. 5) , except that it offers one advantage. Pumping cooling water through round tubes requires less power than pumping the same water flow rate through flat cross sectional areas: this aspect of constructal design of duct cross sections is discussed in detail in Ref. 8, Section 3.1.2.
VIII. ARRAY OF FLATTENED TUBES
In view of the comparison between flattened tubes and round tubes (Fig. 5) , which showed that the flattened tube is superior, here we consider replacing the array of Fig. 4 with an array of flattened tubes. The new feature in the array is the elemental area shown in Fig. 7(b) . In place of the square element rD Â rD, the flat tube of height H ¼ /y flat tubes in a vertical column, and a total of n x ¼ A 1/2 /x columns. The condensation rate of one column is
This corresponds to Eq. (11) of the array with round tubes. The total condensation rate produced by the array with flat tubes is
Dividing this by Eq. (11), we obtain a measure of the effect of changing the elemental design, from round to flat in Fig. 6 
This ratio is equal to 2.69 when d /D ¼ 1/5, and 4.47 when d/D ¼ 1/10. In conclusion, the change from round tubes to flattened tubes in an array of the same size promises a dramatic increase in the total rate of condensation, or in the packing density of condensation.
IX. FORCED CONVECTION
So far, we assumed that the removal of condensate from the cold surfaces is driven by gravity, and that the effect of the external movement of vapor is negligible. Here, we address the question of when the external flow is fast enough to govern the film condensation process. The answer follows from comparing the film condensation by natural convection, Eq. (8) 
The condensation augmentation effect due to flattening the tube to a long cross section of swept length L (where 2L ¼ pD, because the tube wall material is conserved) can be determined by comparing Eq. (37) with the corresponding result for the flattened tube. The heat transfer coefficient for laminar film condensation on one surface (L) parallel to
This formula is valid when the subcooling of the liquid is negligible (Ja ( Pr l ) and when (q v l v /q l l l ) 1/2 ( Ja/Pr l . Here, Pr l is the liquid Prandtl number, and Ja is the Jakob number, Ja ¼ c P (T sat À T w )/h fg , which accounts for the subcooling of the liquid. 
Next, Eq. (38) is transformed by noting that
The corresponding form of Eq. (37) is
which comes from replacing h D with q
is the same as the ratio C 2L =C D , and indicates that flattening the tube and aligning its flat surfaces with the external flow has the effect of augmenting the condensation rate by roughly 25%. This effect is greater than in gravity driven condensation, where it was 16%, cf. Eq. (15) . The effect of alignment of tubes (round or flat) as columns parallel to U 1 can be evaluated as follows. Consider a plate with the swept length L, for which h L is given by Eq. (38). A column of n such plates, arranged in line and with negligible spacings between them, has the corresponding heat transfer coefficient
Dividing Eq. (42) by Eq. (38), we find that the overall heat transfer coefficient decreases significantly as n increases, i.e., as the column becomes longer
The corresponding cooling rates of the nL-long column and the single L surface are q
indicates that the longer column offers a larger condensation rate, but the effect of size (n) is weakened by the 1/2 exponent. The corresponding exponent of n for gravity driven condensation was 3/4, cf. Eq. (10). In conclusion, the negative effect of alignment of multiple surfaces is stronger in forced convection than in natural convection. This makes all the conclusions reached for gravity driven flow even more critical for forced convection. Arrays of tubes (round or flat) in cross flow can be analyzed as for gravity driven condensation, but relying on forced convection formulas such as Eqs.
(37), (38), and (42).
X. NUMBER OF TUBES IN ONE COLUMN
We learned from Eq. (44) and from its analog for a column of tubes ðq
Þ that as the number (n) of surfaces aligned in the column increases, the total cooling rate ðq 0 nD ; or C nD Þ increases by a factor n raised to an exponent smaller than 1, namely, 1/2 in forced convection, and 3/4 in natural convection. This means that the largest contributor to q 0 nD is the leading surface (tube or plate) and that the weakest contributor is the trailing surface.
This observation leads to the idea proposed in Fig. 8 . A column of n tubes of length L is oriented in cross flow, with U 1 aligned with the column. We ask whether this construct offers a greater condensation rate than a single tube of total length L T ¼ nL, which is also oriented in cross flow. We start with the total cooling rate provided by the n-column shown in Fig. 8 , 
with the observation that in the definition of DT ¼ T sat -T w the tube wall temperature is assumed uniform, from the tube inlet to the tube outlet. This assumption is appropriate when the tube length L is small enough. When there is only one tube of length L T in cross flow, the temperature of the cooling water ð _ mc P Þ increases from the tube inlet to the outlet. This increase accounts for the reduced cooling rate provided by the single tube,
where T sat -T w,in is the same as the DT used above, e is the effectiveness of the single tube in isothermal cross flow, e ¼ 1 À e ÀN , and N is the number of heat transfer units, assumed constant,
The heat transfer rate for the n parallel tubes obtained from segmenting the tube length L T is expressed by
Equation (49) overestimates the heat transfer rate q n because the tube wall temperature increases along with the cooling water temperature along the flow path. By assuming that the tube wall is very thin with a very high thermal conductivity, the cooling water bulk temperature is nearly the same as the outside tube wall temperature. The mean temperature for a segmented tube with the length L ¼ L T /n is
The effectiveness of a tube of length L is defined by assuming that the cooling water flow rate through the tube of length L is the same _ m as the one flowing through the tube L T ,
such that 
The global thermal performance of the n column relative to the single tube is indicated by the ratio q n /q 1 ,
Differentiating q n /q 1 with respect to tube number n and then set zero for a fixed N, a transcendental equation is obtained
which yields N=n ¼ 1:256: Figure 9 shows the q n /q 1 values according to increasing the number of tube segments n, for a fixed N. The ratio (q n /q 1 ) m reaches a maximum that depends on N. For example, n ffi 8; 16; 32 for N ffi 10; 20; 40, respectively. The optimal number of segments is n opt ¼ 0.796 N. The maximized ratio q n /q 1 that corresponds to n opt is plotted versus N in Fig. 10 . When N ) 1 (and n ) 1), the ratio q n /q 1 increases in proportion with N 
where Re D ¼ U avg D= v , and U avg is the average free stream velocity of the vapor that sweeps the tubes. The vapor enters the column of n parallel tubes with the velocity U 1 , and exits with a velocity close to zero, because the vapor condenses as it sweeps the n column. Therefore, in the following analysis, we assume that U avg ffi U 1 =2. Next, we consider the volume occupied by the n column, and invoke the first law of thermodynamics. The difference between the enthalpy stream brought in by the vapor and the enthalpy carried away by the condensate is _ m v h fg , where _ m v ¼ q v U 1 rDL, and rDL is the cross sectional area of the vapor inlet. The same enthalpy difference is absorbed by the ðn _ mÞ stream of cooling water, namely, n _ mc P ðT sat À T w;in Þ e, where e ¼ 1 À e ÀN=n and N/n ¼ 1.256. From this first-law balance results
In conclusion, the total tube length L T is proportional to the mass flow rate through the tube. Dividing Eq. (57) by Eq. (56), we obtain the number of tubes in the column,
where
and, after using Eq. (56) to eliminate L,
Using the saturated steam properties listed at the start of Sec. II, we find that k v =ðl v c P Þ ¼ 0.228, and Eq. (60) becomes
Together, Eqs. (58) and (61) indicate that the mass flow rate ratio (cooling water/steam) in the condenser should be
This result agrees in an order of magnitude sense with (but should not be confused with) the estimate obtained by writing the approximate enthalpy change balance _ m v h fg ffi n _ m c P ðT sat À T w Þ;
which leads numerically to n _ m= _ m v ffi 68:35. 
XI. CONCLUSION
The chief conclusion of this work is that, in accord with the evolutionary design phenomenon previewed in Fig. 2 , it is possible to increase the global rate of condensation in a fixed volume by varying freely and without bias the morphology of the flow system. To start, this means to vary the shapes and arrangement of the cooled solid surfaces on which condensation occurs.
We found that this approach leads to stepwise significant increases in global condensation rate. For example, the use of vertically flat tube cross sections (as opposed to round tubes) promises increases of order 16% in gravity driven condensation and 25% in condensation driven by forced external flow. These advantages hold for single tubes as well as for arrays of tubes. The length of one tube and the number of tubes in one column are also geometric features that can be varied and selected in order to increase the global rate of condensation.
According to one of the reviewers, this paper makes several contributions to applied physics:
The evolution of technology is described in terms of the special time direction of the useful (purposeful) changes in the configuration (shapes, arrangements) of surfaces on which flow/condensation occurs, e.g., Figs. 1 and 2 . This explains what "evolution" means. It is an important step for physics, not just technology. 16 (ii) The analogy between the naturally evolving solidification design (the snowflake) and the evolution of condensation surfaces (Figures 1 and 2 ) is educational. (iii) On the practical side, the path to increasing the "density" of condensation is to change (morph) freely and without preconceptions all the features of the flow architecture. This is the fundamental principle of physics, which empowers all technology evolution. (iv) Along this route, the paper shows that stepwise increases in global performance (density) are possible, well beyond the performance of classical designs: flattened tubes, multi-size tubes, vertical instead of horizontal, forced convection film instead of gravity driven film, optimal tube length, optimal number of tubes in line, and more. In the future, the objective of decreasing the pumping power may be considered in tandem with the objective of increasing the heat transfer density.
